were laboratory strains; Bacillus brevis Vm4 was kindly provided by Z. Kurylo-Borowska, the Rockefeller University. Cells were grown as described (13, 15, 16) and harvested at mid-logarithmic growth phase.
requires the 30S ribosomal subunit, mRNA, fMet-tRNAf, GTP, and initiation factors (IF) (1, 2) . IF-3 is released upon formation of the 30S initiation complex (3) . Upon addition of the 50S subunit, a 70S initiation complex is formed and GTP is hydrolyzed concomitantly with the release of IF-2 (4, 5) . The precise sequence of events in formation of the 30S initiation complex is not known, and we do not understand how the ribosome correctly recognizes and binds to an initiation site or sites of the messenger. Since IF-3 is essential for translation of natural but not for that of synthetic messengers, it has been assumed that this initiation factor, which binds to the 30S subunit with rather high affinity (6) (7) (8) , is concerned with recognition of messenger initiation sites. The isolation of two subspecies of IF-3 from Escherichia coli having a high degree of specificity for translation of either coliphage RNAs, E. coli RNA, and early T4 RNA or late T4 RNA (9) seemed to lend some support to this notion. On the other hand, the ribosomes themselves are involved in messenger or cistron selection, as shown by the fact that (a) Bacillus stearothermophilus ribosomes bind to the A protein cistron of f2 phage RNA, whereas E. coli ribosomes bind predominantly to the coat protein cistron irrespective of the origin of the initiation factors used (10, 11) and (b) homogeneous initiation factors isolated from either E. coli or Caulobacter crescentus promote translation of either MS2 RNA by E. coli ribosomes or Cb5 RNA by C. crescentus ribosomes, but the latter do not translate MS2 RNA nor do E. coli ribosomes translate Cb5 RNA (12, 13) . C. crescentus phage Cb5 RNA is similar in physical properties and genetic content to coliphage RNA (14, 15) .
In a further effort to elucidate the early steps and the specificity of mRNA translation, we have studied binding of MS2 RNA to 30S ribosomal subunits from several bacterial species. In this communication we describe the formation of a weak, species-specific complex between MS2 RNA and initiation factor-free E. coli 30S subunits. These subunits are electroAbbreviation: IF, initiation factor. 3611 phoretically separable into two major subspecies. Only the slower moving component, containing the ribosomal protein Si, interacts with mRNA.
MATERIALS AND METHODS
Cells. E. coli Q13, Pseudomonas sp. 412, and C. crescentus 15 (ATCC 19089) were laboratory strains; Bacillus brevis Vm4 was kindly provided by Z. Kurylo-Borowska, the Rockefeller University. Cells were grown as described (13, 15, 16) and harvested at mid-logarithmic growth phase.
Ribosomes and Ribosomal Subunits. These were obtained by procedures established for E. coli, and are described in recent publications (12, 13 (12, 13, 17) . For binding of MS2 RNA to ribosomes, the samples (0.05 ml) contained 10 mM Tris-acetate, pH 7.4 (or 10 mM triethanolamine-acetate, pH 7.4, when glutaraldehyde fixation was used), 5 mM magnesium acetate, 50 mM NH4Cl (or 50 mM CH3COONH4 when samples were subjected to electrophoresis), 0.1 mM dithiothreitol, 2.0, 1.0, and 0.8 A260 units of 70S, 50S, and 30S ribosomes, respectively, and 0.32 A260 unit of MS2 [2H]RNA (5700 cpm). The samples were incubated for 2 min at 370
without MS2 RNA, cooled in ice, and incubated for 5 min at 0°with MS2 RNA. For Millipore filtration, the samples were diluted to 1 ml with the incubation buffer, filtered, and washed twice with 1.0 ml of buffer, followed by measurement of the retained radioactivity. Blanks without ribosomes were run with each experiment. For gel electrophoresis (see below), the sample volume was 0.03 ml. The amounts of 30S subunits and MS2 RNA were 0.44 and 0.17 A260 unit, respectively; 0.004 ml of 50% sucrose was added after incubation and 0.025 ml of each sample was layered on the gel column. In some experiments, samples were made 0.25% (v/v) in glutaraldehyde after incubation at 0°by adding 0.015 ml of 0.75% glutaraldehyde to 0.03 ml of sample at 00 with gentle mixing; after addition of 0.006 ml of 50% sucrose, 0. (16, 000 cpm/,ug).
Polyacrylamide-Agarose Gel Electrophoresis. The gel (2.25% polyacrylamide, 0.5% agarose) was prepared as described (18, 19) , and the dimensions of the columns were 0.6 and 9 cm. Tris-acetate or triethanolamine acetate (25 mM) buffer was used in both chambers and changed every 1.5 (20) and were found to be more than 95%
pure, but gel electrophoresis of the 3H-labeled RNA revealed a slight degree of heterogeneity (see Fig. 2A ).
[3H]PolyU (16,-000 cpm/,ug) was purchased from the Miles Laboratories; it was purified by solution in 5.0 M KCl (10 mg/ml) and precipitation with 1 volume of ethanol. Purified IF-1 and IF-2 were kindly provided by Dr. R. Mazumder and Miss J. Chu of this department; IF-3 was purified through the first phosphocellulose step (9).
RESULTS
Millipore Experiments. As seen in Table 2 The formation of MS2 RNA complexes with 30S subunits or unfractionated ribosomes is very fast, and the reaction is essentially completed in 60-90 sec at 00. As shown in Table 3 , the antibiotic edeine, which inhibits ribosomal binding of fMet-tRNA (21), had no effect on the mRNA binding described here. On the other hand, aurintricarboxylic acid, known to inhibit the binding of mRNA to ribosomes (22) Fig. 2 . Fig. 2A is a control in which the labeled 308 subunits and MS2 RNA were separately subjected to electro- were obtained without fixation but in this case, more 14C_ labeled material was seen "trailing" between the MS2 RNA band (fraction 37) and the slower moving 30S band (fraction 44), indicating partial decomposition of the complex. The more rapidly moving major 30S species (fractions 47, 48) and a minor 30S component (fractions 51, 52) did not appear to interact with MS2 RNA with or without glutaraldehyde fixation.
Similar experiments were carried out with [3H]poly(U) instead of MS2 RNA. As seen in Fig. 3 , poly(U) migrated as a broad polydisperse band centered upon fractions 60-70. After incubation at 100 with 30S subunits, a new [3H]poly(U) band appeared (peak at fraction 41) of slightly lower mobility than the slower moving 14C-30S band. Thus, as was the case with MS2 RNA, poly(U) interacted only with the slowmoving 30S species.
The experiments in this and the preceding section were 2), 1 % sodium dodecyl sulfate, 1% mercaptoethanol, and 10% glycerol (final volume, 0.1 ml), incubated for 10 min at 650, and subjected to electrophoresis in the same buffer (without glycerol or mercaptoethanol) on 10% polyacrylamide columns (0.6 X 9 cm) according to Bickle and Traut (23) . Gels were stained mith Coomassie brilliant blue and scanned at 550 nm.
carried out with different batches of 30S ribosomal subunits prepared from cells harvested either at mid-logarithmic or late-logarithmic phase of growth. The extent of complex formation with MS2 RNA or poly(U) per 1.0 A260 unit of 30S ribosomes varied slightly from batch to batch and was roughly proportional to the relative amount of the slow-moving species for a given preparation of 30S subunits. Subunit preparations binding much less MS2 RNA or poly(U) were obtained by preparing the E. coli S30 extract with 5-6, rather than 1.5 volumes of buffer/g of wet cells followed by washing of the unfractionated ribosomes with high salt concentrations at a concentration of 40-50 A260 rather than 250-350 A260 units/ml. It may be seen from Fig. 4 that most of the slow-moving 30S subunit band was absent from the preparation that had low binding activity. Polyacrylamide-dodecylsulfate gel electrophoresis of proteins from the two preparations of 30S subunits (Fig. 5) showed virtually identical patterns except for the almost complete lack of the ribosomal protein S1 from the less active preparation.* Protein 51 is the largest (65,000 daltons) and most acidic of the E. coli 30S proteins and can be easily identified by one-dimensional gel electrophoresis (23, 24) . On assaying for MS2 RNA binding, the 30S subunits with low S1 content were found to be virtually inactive.
DISCUSSION
As shown in this paper, MS2 RNA binds to E. coli 30S ribosomes at 00 in the absence of initiation factors. It binds weakly to Pseudomonas and hardly at all to B. brevis and C. crescentus ribosomes. Both the ribosomal protein S12 and 16S RNA are involved in mRNA selection by the 30S subunit (25) (26) . Initiation factors apparently stabilize the mRNA-30S complex (3), and IF3, in addition, helps the ribosome select certain messengers (9) . Possibly 30S subunits bind weakly, but specifically to mRNA and IF-3 promotes more stable binding by directing it to messenger initiation sites. Binding of E. coli ribosomes to the coat protein initiation site, i.e., to their main entry site on coliphage RNA, is considerably reduced upon fragmentation of the RNA (11) . These findings, taken together with the protein SI-dependent binding described here, suggest that the 30S subunit interacts with mRNA at multiple sites. Their combined effect may be responsible for the stability and specificity of the 30S-mRNA complex.
Besides the species-specific binding of 30S ribosomes to natural mRNA, there is a nonspecific binding to polyribonucleotides such as poly(U). As shown in this paper, this binding, as well as that of natural mRNA, requires the presence of the ribosomal protein Slt. Sl can bind poly(U) (27) and was reported to be essential for poly(U) translation (24) . Since only 0.1-0.3 copy of Sl per ribosome are generally found, this protein was thought to be one of the fractional proteins of the 30S ribosome. However, close to one molecule of Sl per ribosome is present in polysomes (24) . Thus, Sl appears to be a protein that is readily lost from the ribosome. With reconstituted E. coli 30S subunits, Nomura et al. (28) found no requirement of Sl for ribosomal function. However, Sl comes off the ribosome readily and was probably present in the highspeed supernatants and ribosomal washes used in the assay systems.
Binding of the 30S subunit to mRNA may be the first step in polypeptide chain initiation. This notion is consistent with inhibition by aurintricarboxylic acid of both chain initiation and the binding reported here.
